Hepatic ischemia reperfusion injury (HIRI) is a clinical condition which may lead to cellular injury and organ dysfunction. The role of nitric oxide (NO) in HIRI is complicated and inconclusive. NO produced by endothelial nitric oxide synthase (eNOS) activation plays a protective role during early HIRI. But eNOS overexpression and the resulting excessive NO bioavailability can aggravate liver injury. NO induced by inducible nitric oxide synthase (iNOS) may have either a protective or a deleterious effect during the early phase of HIRI, but it may protect the liver during late HIRI. Here, we reviewed the latest findings on the role of NO during HIRI: (1) NO exerts a protective effect against HIRI by increasing NO bioavailability, downregulating p53 gene expression, decreasing inflammatory chemokines, reducing ROS via inhibiting the mitochondrial respiratory chain, activating sGC-GTP-cGMP signal pathway to reduce liver cell apoptosis, and regulating hepatic immune functions; (2) eNOS protects against HIRI by increasing NO levels, several eNOS/NO signal pathways (such as Akt-eNOS/NO, AMPK-eNOS/NO and HIF-1α-eNOS/NO) participating in the anti-HIRI process, and inhibiting over-expression of eNOS also protects against HIRI; and (3) the inhibition of iNOS prevents HIRI. Thus, the adverse effects of NO should be avoided, but its positive effect in the clinical treatment of diseases associated with HIRI should be recognized. Core tip: The latest findings on the role of nitric oxide (NO) during hepatic ischemia reperfusion injury (HIRI) include: NO exerts a protective effect against HIRI by increasing NO bioavailability, downregulating p53 gene expression, decreasing inflammatory chemokines, reducing ROS by inhibiting the mitochondrial respiratory chain, activating sGC-GTP-cGMP signal pathway to reduce liver cell apoptosis, and regulating hepatic immune functions; eNOS protects against HIRI by increasing NO levels, several eNOS/NO signal pathways (such as Akt-eNOS/NO, AMPK-eNOS/NO and HIF-1α-eNOS/NO) participating in the anti-HIRI process; inhibiting over-expression of eNOS also protects against HIRI; and finally, the inhibition of iNOS prevented HIRI.
Abstract
Hepatic ischemia reperfusion injury (HIRI) is a clinical condition which may lead to cellular injury and organ dysfunction. The role of nitric oxide (NO) in HIRI is complicated and inconclusive. NO produced by endothelial nitric oxide synthase (eNOS) activation plays a protective role during early HIRI. But eNOS overexpression and the resulting excessive NO bioavailability can aggravate liver injury. NO induced by inducible nitric oxide synthase (iNOS) may have either a protective or a deleterious effect during the early phase of HIRI, but it may protect the liver during late HIRI. Here, we reviewed the latest findings on the role of NO during HIRI: (1) NO exerts a protective effect against HIRI by increasing NO bioavailability, downregulating p53 gene expression, decreasing inflammatory chemokines, reducing ROS via inhibiting the mitochondrial respiratory chain, activating sGC-GTP-cGMP signal pathway to reduce liver cell apoptosis, and regulating hepatic immune functions; (2) eNOS protects against HIRI by increasing NO levels, several eNOS/NO signal pathways (such as Akt-eNOS/NO, AMPK-eNOS/NO and HIF-1α-eNOS/NO) participating in the anti-HIRI process, and inhibiting over-expression of eNOS also protects against HIRI; and (3) the inhibition of iNOS prevents HIRI. Thus, the adverse effects of NO should be avoided, but its positive effect in the clinical treatment of diseases associated with HIRI should be recognized.
INTRODUCTION
Hepatic ischemia reperfusion injury (HIRI) is a clinical condition which may lead to cellular injury and organ dysfunction, mediated mainly through the production of reactive oxygen species and inflammatory cytokines [1] . Deterioration of hepatic homeostasis, as observed in IR, cold preservation and transplantation, septic organ failure, and hepatic resection-induced hyperperfusion, are associated with high rates of morbidity and mortality. It is well known that HIRI involves several mechanisms, which include pH imbalance, Ca 2+ overload, mitochondrial damage induced by oxygen free radicals, endothelin (ET)/nitric oxide (NO) ratio imbalance, liver microcirculation dysfunction, activation of Kupffer cells and neutrophils, and the impact of various cytokines. During IR, there are interactions among liver cells, Kupffer cells, neutrophils, hepatic sinusoidal endothelial cells, and fat-storing cells. Platelets and alexin are also involved [2] . These activated cells release a large quantity of proinflammatory cytokine and lipid inflammatory factor, which can lead to inflammatory reaction and cell apoptosis.
NO is an unstable carbon-centered radical with a short half-life. There are two sources in organisms: one is non-enzymstigenese derived from the degradation or transformation of inorganic nitrogen chemicals in the body and food; and the other one is enzymstigenese, in which NO is produced in a redox reaction between L-arginine and oxygen molecules by NO synthase (NOS) catalyzation. There are three types of NOS: endothelial nitric oxide synthase (eNOS), neuronal nitric oxide synthase (nNOS), and inducible nitric oxide synthase (iNOS). Endothelial nitric oxide synthase exists mainly in vascular endothelial cells while iNOS exists mainly in the cytoplasm of some inflammatory cells, such as white blood cells associated with diseases characterized by inflammation, tumors, and degeneration. NOS not only appears in soluble cytoplasm but also in some subcellular organelles. NO is produced mainly by eNOS catalysis, and also by the upregulation of iNOS expressions during acute hepatic ischemia [3] . It has been reported that iNOS is induced to produce large amounts of NO by lipopolysaccharide, interleukin-1 (IL-1), and tumor necrosis factor (TNF), which play a role in the pathophysiological process of some diseases and in many inflammation and immune reactions [4] . iNOS-derived NO may have either a protective or a deleterious effect during the early phase of IR injury, but it plays a protective role in the late phase of HIRI [5] ( Table 1) .
PROTECTIVE EFFECT OF NO DURING HIRI
NO was proved to reduce HIRI through various mechanisms [6, 7] , such as inhibiting liver cell apoptosis, slowing the infiltration of macrophages, eliminating superoxide anion produced by neutrophils, protecting the liver sinus structure and maintaining liver microcirculation blood flow, accelerating the liver tissue oxygenation, stabilizing ATP levels, decreasing oxidative stress injury, preventing the reduction of glutathione and the increase of endothelin side effects, and inhibiting platelet aggregation.
Increase of NO bioavailability involved in its protective effect in HIRI
In addition to NO donors, an increase in NO bioavailability can also protect the liver from HIRI. Human serum albumin (HSA) is a non-glycosylated protein, by which a series of recombinants, and mannosylated-HSA mutants (Man-rHSAs) are prepared; their triple mutant (TM-rHSA) can be selectively delivered to the liver via a mannose receptor on non-parenchymal liver cells, which can effectively deliver NO to the liver and have a significant inhibitory effect against HIRI [8] .
NO downregulates the expression of the p53 gene and decreases inflammatory chemokines
During IR, NO donors may decrease p53 gene expression and the levels of IL-1 and TNF-α as well as inhibit cell apoptosis to protect the heart, liver, lungs, and kidneys from IR injury. Elevated NO levels can inhibit p53 gene expression and decrease the production of proinflammatory cytokines and chemokines, such as intercellular adhesion molecule (ICAM), TNF-α, IL-1, MIP-1, and MIP-2. In particular, lower levels of ICAM, MIP-1, and MIP-2 are accompanied by less neutrophil infiltration [9, 10] . The application of ICAM-1 monoclonal antibody 1A29F is likely to provide a more effective treatment for primary grafted liver dysfunction [11] . NO can also reduce the level of TNF-α to inhibit NF-κB. Decreased NF-κB can inhibit MAPKs, including p38, ERK, and JNK. A reduced p38 level can lead to the inhibition of caspase-3 and gene p53 expression. Thus, the downregulation of p53, ERK and JNK results in reduction of cell inflammation [9] .
NO reduces ROS by inhibiting the mitochondrial respiratory chain
Using transgenic knockout rats, Datta studied the molecular mechanism of HIRI. It was found that the initial liver injury is initiated by reactive oxygen species, which cause direct cellular injury and also activate a cascade of molecular mediators, leading to microvascular changes, increased apoptosis, and acute inflammatory changes with increased hepatocyte necrosis. However, during the period of reperfusion, some adaptive changes occur in order to reduce HIRI [12] . Exogenously administered NO donors can inhibit the oxidation of mitochondrial cytochrome and reduce ROS production. Excessive ROS is generated in liver cells after its hypoxia/reoxygenation, which causes protein oxidation and lipid peroxidation. Hence, NO reduces ROS production by inhibiting 
ENOS/NO SIGNALING PATHWAYS PARTICIPATE IN ANTI-HIRI ACTIVITY

Akt-eNOS/NO pathway
PI3K is a heterodimer composed of the catalytic subunit p10 and regulatory subunit p85, and is also a lipid second messenger. PI3K can phosphorylate the serine/threonine of its downstream signal kinase Akt, which may further phosphorylate eNOS to promote an increase in endogenous NO generation. The protective effect of rHuEPO in IR injury is mediated via the activation of the PI3K/AKT/eNOS signaling pathway, at least in part, by increasing p-AKT and p-eNOS, which leads to the maintenance of an elevated level of NO [18] . It has been reported that IGL-1 solution results in better liver preservation and protection against HIRI by activating Akt and AMPK, which are concomitant with increased eNOS expression and nitrite/nitrate levels [19] .
AMPK-eNOS/NO pathway
Zhang C reported that adiponectin (APN) can protect the liver from HIRI by reducing the inflammatory reaction and hepatocyte apoptosis, the process that likely involves the AMPK/eNOS pathway [20] . In addition, heparin cofactors II (HCII) potentiates hepatic vascular endothelial cell activity and the promotion of angiogenesis via an AMPK/eNOS signaling pathway to decrease vascular injury [21] .
HIF-1α -eNOS/NO pathway
Adding trimetazidine, an anti-ischemia drug, to IGL-1 induces NO and eNOS activation. In normoxic reperfusion, the presence of NO favors hypoxiainducible factor-1α (HIF-1α) accumulation, and also promotes the activation of other cytoprotective genes to reduce HIRI, such as heme-oxygenase-1. In addition, NO could reduce HIRI via the HIF-1α/NO pathway [22] .
Other new pathways
Deregulated long noncoding RNA (LncRNAs) AK139328 is involved in HIRI. In the IR liver, the knockdown of AK139328 increases survival-signaling proteins including phosphorylated Akt (pAkt), glycogen synthase kinase 3 (pGSK3), and endothelial nitric oxide synthase (peNOS). Furthermore, the knockdown of AK139328 also reduces macrophage infiltration and inhibits NF-κB activity and inflammatory cytokine expression [23] . This could provide some new options for the diagnosis and treatment of liver diseases, such as surgery or transplantation.
Inhibition of eNOS overexpression to protect HIRI
The most current evidence supports the idea that the overexpression of eNOS is detrimental in the setting of hepatic IR [24] . Sanches SC found that during HIRI, the riboflavin infusion partially recovered hepatic GSH reserves and decreased eNOS/iNOS and NO levels in mitochondrial respiratory chain complexes [13] .
NO activates sGC-GTP-cGMP signaling pathway to reduce liver cell apoptosis
NO derived from blood vessels can activate soluble guanylyl cyclase (sGC), catalyzing guanosine triphosphate (GTP) to produce cyclic 3′, 5′ guanosine monophosphate ( ]i) and protection from hepatocyte death [5] . Diao et al [11] observed that NO plays an important protective role in organ preservation by supplementing sufficient NO donors to enhance the NO/cGMP pathway.
NO regulates hepatic immune function
NO is also an important effector molecule that is involved in immune regulation and host innate and acquired immunity. NO inhibits proinflammatory cytokines, including TNF-α, IL-1β, IL-1α, and IL-12, which may induce the inflammatory cascade during HIRI. In addition, NO can decrease the number of T helper 1 (Th1) cells and promote the proliferation of Th2 cells, regulate leukocyte adhesion, and induce the generation of T regulatory (Treg) cells [14, 15] . It has also been reported that excessive NO may paradoxically damage liver tissue by forming nitrogen peroxide, indicating that the dose of exogenous NO donors is vital to HIRI therapy. released. All these may lead to a higher intracellular Ca 2+ concentration, which activates eNOS to produce more NO [16, 17] . The basic low-dose NO catalyzed by eNOS could mitigate the hepatic microcirculation pressure caused by reperfusion. the liver, and that riboflavin could have antioxidant and anti-inflammatory effects in the ischemic liver, protecting hepatocytes against IR injury [25] . Rosmarinic acid, which is a kind of water-soluble phenolic acid compound and a natural antioxidant, has many biological functions, such as antibacterial, antiviral, and anti-inflammatory effects, prevention of high calcium concentrations in the cell, and regulation of immune function. Also, it could inhibit eNOS overexpression in the liver, decrease eNOS/iNOS and NO levels in the liver, attenuate NF-κB activation, downregulate TNF-α and IL-1β gene expression, and exert anti-inflammatory and antioxidant effects in the ischemic liver, thereby protecting hepatocytes against IRI [26] .
ENOS CONTRIBUTES TO PROTECTIVE FUNCTIONS AGAINST HIRI
ENOS activation increases NO levels
ROLE OF INOS IN HIRI
During sudden hepatic ischemic stress, upregulated iNOS in the liver produces a large quantity of NO as a response. However, up-regulating the expressions of iNOS gene and protein requires time [7] .
iNOS aggravates HIRI
Some evidence suggests that eNOS can lead to "dysfunction" during oxidative stress, so production of a large amount of NO against IRI appears to be necessary for the expression of iNOS [27, 28] . Hu et al [29] discovered that while the expression of iNOS mRNA peaked 3 h after hepatic reperfusion, the highest protein level appeared after 6 h. After 4 h of reperfusion, the increased iNOS mRNA transcription did not result in increased NO production, and this lack of increase may be linked to different degrees of tissue damage [30] .
Inhibition of iNOS prevented liver from HIRI
Alpha lipoic acid (α-LA) has been shown to alleviate HIRI in rats. The underlying mechanism may be that α-LA inhibits the expression of the iNOS gene antisense-transcript, which is involved in iNOS mRNA stability. Therefore, there may be useful therapeutic effects associated with the suppression of iNOS induction involved in liver injury [31] . IL-1β and TNF-α are important proinflammatory cytokines [14] . The upregulation of IL-1β receptors accelerates the iNOS transcription process, but the mechanism involved in its downstream signaling pathway is unknown [32] . Blocking IL-1 receptors may be a way to alleviate HIRI. Although it is uncertain whether the reduction of IL-1 receptors is related to iNOS transcription, it does show that iNOS is involved in the process [33] .
CONCLUSION
NO plays a complicated role during HIRI. NO can inhibit the expression of p53 gene and the aggregation of proinflammatory cytokines and chemokines, reduce ROS by inhibiting the mitochondrial respiratory chain, participate in hepatic immune modulation, inhibit the inflammatory cascade, and exhibit anti-inflammatory properties. In addition, as the first messenger, NO activated the NO/cGMP pathway to inhibit [Na + ]i from entering the cells, thereby helping to maintain hepatic cell integrity. Conversely, excessive NO in serum can aggravate liver injury. Elevating NO levels appropriately, such as by applying exogenous NO donors or increasing NO availability in the liver, may be a good way to prevent and treat HIRI. There are two ways to activate eNOS which can promote an increase in endogenous NO generation to protect liver tissue from HIRI. One is elevating Ca 2+ levels in cells or phosphorylating the active site of eNOS gene, and the other is knocking out gene AK139328. Both can protect the liver from HIRI. But excessive NO levels derived from eNOS are detrimental to the liver. iNOS has a synergistic effect with some inflammatory mediators, which cause cellular swelling and apoptosis. Excessive NO derived from iNOS plays a protective role in the late period of HIRI. Thus, adverse effects of NO should be avoided, and its positive effects in the clinical treatment of diseases associated with HIRI should be recognized.
